Despite intensive research into pain mechanisms and significant investment in research and development, the majority of analgesics available to prescribers and patients are based on mechanistic classes of compounds that have been known for many years. With considerable ingenuity and innovation, researchers continue to make the best of the mechanistic approaches available, with novel formulations, routes of administration, and combination products. Here we review some of the mechanisms and modalities of analgesics that have recently entered into clinical development, which, coupled with advances in the understanding of the pathophysiology of chronic pain, will hopefully bring the promise of new therapeutics that have the potential to provide improved pain relief for those many patients whose needs remain poorly met.
Introduction
Drug discovery and development continue to be a challenge, with increasingly high investments in R&D and increased numbers of submissions failing to translate into the delivery of novel chemical entities onto the market. The wide availability of generic and overthe-counter analgesics based on non-steroidal antiinflammatories (NSAIDs), acetaminophen, and "weak" opiates (and their combinations) provides many individuals with an accessible source of relief for mild to moderate pain. However, many patients with chronic conditions such as osteoarthritis remain poorly treated (1, 2).
Opiates continue to provide an important choice for the treatment of moderate to severe pain but are associated with a number of unwanted side effects such as constipation, nausea, vomiting, itching, and somnolence (3), and negative effects on patients' wellbeing, including sleep quality and ability to concentrate, which can be of such significance that they result in treatment discontinuation (4) . Indeed, a recent Internet survey indicated that patients taking opiates for pain (and prescribing physicians) are willing to "trade-off " pain relief for a better toleration profile, with 50% of patients and physicians reporting that improved side effects represent the biggest unmet need (5) .
Neuropathic pain has a complex pathophysiology and is difficult to treat (6) . It has been estimated that about one-third of patients are likely to achieve 50% pain relief with monotherapy (7); for example, in patients treated with the first-line therapy pregabalin, the patient global impression of change rating of much improved or very much improved was about 35% in postherpetic neuralgia, 50% in painful diabetic neuropathy, and 40% in fibromyalgia (8) . A recent review identified a 66% increase in published randomized, placebo-controlled trials in a range of neuropathic pain populations over the last five years and concluded that only a limited improvement in the relief of pain had been achieved and that a large proportion of patients remained poorly treated (9) .
The challenge for drug discovery and development can therefore be very simply stated: we need to bring forward analgesics that will provide more effective pain relief, are safe, and have a reduced sideeffect burden for a broader patient population.
Current strategies in advancing analgesics
The approaches taken to select and advance analgesics through development and onto the market may be described in five broad categories. First, there are approaches designed to enhance the utility or increase the safety of existing medicines through the design of novel formulations or dosing forms. Examples include novel extended-release or abuse-resistant formulations of existing medicines such as oxycodone, morphine, and tramadol; and alternative delivery methods, such as patches for local administration of agents such as fentanyl, diclofenac, and lidocaine, as well as the oral fentanyl lozenge. Second, researchers have developed compounds directed against known mechanisms, especially of opiates and NSAIDs. Third, combination products of existing compounds have been developed, designed to improve efficacy or reduce unwanted side effects. Examples include combination products of oxycodone with ibuprofen, and naproxen in combination with the proton pump inhibitor esomeprazole (Vimovo). Fourth, there are a number of examples where the analgesic utility of medicines originally developed for other therapeutic indications has been recognized and led to products specifically directed toward the treatment of pain or where novel analgesics have been designed from known mechanistic classes of compounds. Examples of these include celecoxib, rofecoxib, pregabalin, duloxetine, ropivacaine, and tapentadol. Last - and largely in the minority - are therapeutics derived from the identification of novel mechanisms. These include the N-type calcium channel blocker Prialt (ziconotide; Endo) and Sativex (GW Pharma), which has a cannabinoid-based mechanism. The numerical distribution of these approaches is summarized in Figure 1 .
While recognizing the benefits of maximizing the utility of existing medicines, and based on the clear evidence that current medicines have failed to deliver significantly improved benefits (9), we conclude that more analgesics based on novel molecular mechanisms are necessary to address the unmet needs of patients in pain. The discovery and development of such medicines rely on an increased understanding of the pathophysiological mechanisms that drive pain and significant investment in R&D to translate this knowledge into novel, safe, and efficacious analgesics. Here, we describe a number of examples of emerging approaches and their mechanistic context.
Nerve growth factor
It is now known that nerve growth factor (NGF), originally identified for its role in embryonic development of the nervous system (10, 11) , has the capacity to alter the function of nociceptors in the adult long after it has ceased to be a requirement for neurotrophic maintenance (12) (13) (14) . Exogenous administration of NGF induces pain in animals (15) and humans (16) . NGF is released following tissue injury or inflammation from a range of cells including mast cells, macrophages, lymphocytes, fibroblasts, and keratinocytes and may become an important driver of pain symptoms in patients experiencing chronic pain, especially where inflammation is an important component. Proinflammatory actions of NGF have been described (17) , and following burn or trauma it can result in release of inflammatory mediators (18) , which in turn drive peripheral sensitization and pain. However, NGF may also act via direct effects on the sensory nerve endings themselves. Thus, in a study in healthy volunteers, intradermal injections of NGF induced local hypersensitivity with no associated neurogenic flare or inflammation (19) . In this regard, it is interesting to note that it has been suggested that NGF released from keratinocytes following tissue damage may result in sensory hyperexcitability (20) .
The directly affected population of nociceptors express the neurotrophin receptors tyrosine kinase receptor A (TrkA) and/or p75, which mediate the actions of NGF (21) via both transcriptional and nontranscriptional mechanisms to increase excitability. Relatively rapid effects of high levels of NGF on nociceptors include the increased phosphorylation of key ion channels such as transient receptor potential vanilloid 1 (TRPV1), Na v 1.7, or Na v 1.8, thus increasing excitability and decreasing the threshold for firing (22) . NGF bound to its receptor complex is internalized, and a proportion is transported retrogradely to the cell body of the sensory nerves within dorsal root ganglia, where, via regulators such as NF-κB or CREB, it upregulates expression of ion channels such as Na v 1.8 and TRPV1 (22, 23) and peptide transmitters (24) (25) (26) . Upregulation of brain-derived neurotrophic factor (BDNF) might also occur in response to NGF, and it is interesting to speculate that this could contribute to central sensitization via actions on TrkB receptors on post-synaptic neurons in the dorsal horn of the spinal cord (27) .
A number of clinical programs are being pursued with a view to bringing therapeutics to patients based on the sequestration of NGF or the inhibition of the activation mechanism via TrkA. The most advanced of these is a humanized monoclonal antibody, tanezumab (RN-624, PF-04383119) (28) , derived from the murine anti-NGF monoclonal antibody muMab-911 (29) . The humanized monoclonal antibody is being studied in a range of phase II and phase III clinical trials to evaluate its efficacy, safety, and tolerability in patients with a number of painful syndromes. These include osteoarthritis of the knee or hip, chronic low back pain, interstitial cystitis/painful bladder syndrome, and cancer bone pain, endometriosis, chronic prostatitis, and neuropathic pain (30) . Phase II data are yet to be published, and the antibody is being further evaluated in phase III clinical studies of osteoarthritis patients as monotherapy in NSAID failures, in combination studies with NSAIDs, and studies to directly compare the therapeutic utility versus NSAIDs or opioids. Extensive evaluation is ongoing to determine the benefits and risks of this new therapeutic approach.
The current thinking on the pivotal role played by elevated NGF in driving peripheral sensitization such as that occurring in chronic inflammatory conditions is reflected in investment by a number of pharmaceutical companies in the development of monoclonal antibody approaches against NGF. These are summarized in Table 1 and discussed below.
The Johnson & Johnson corporation is exploring the efficacy, safety, and tolerability of the human anti-NGF antibody JNJ42160443 (formerly AMJ-403) in a number of phase II studies as adjunctive therapy in subjects with moderate to severe knee or hip pain from osteoarthritis, subjects with inadequately controlled moderate to severe chronic low back pain, and patients with chronic bladder pain from interstitial cystitis and/or painful bladder syndrome, painful diabetic neuropathy, cancer pain, and postherpetic or post-traumatic neuralgia (31) .
Figure 1
Analgesic launches from 1990 to 2010. The majority of new drug launches were reformulations of existing pharmaceuticals. NRI, norepinephrine reuptake inhibitor; SAIDs, steroidal antiinflammatory drugs; SNRI, serotonin-norepinephrine reuptake inhibitor. Regeneron Pharmaceuticals, in collaboration with Sanofi Aventis, is conducting a phase I/II randomized, double blind, placebocontrolled, parallel-group, repeat-dose study of the safety and efficacy of REGN475 in patients with osteoarthritis of the knee. The antibody will be given in two intravenous doses. The company is also recruiting for a series of phase II studies to explore efficacy in patients with sciatica, moderate to severe abdominal pain due to chronic pancreatitis of at least 6 months duration, moderate to severe pain due to nontraumatic vertebral fracture, and pain due to thermal injury (32). Similarly, MedImmune has announced a study to assess the potential of MEDI-578 in patients with osteoarthritis of the knee (33). At the time of writing, Abbot Laboratories is recruiting into a phase I clinical trial to evaluate the safety and tolerability of a monoclonal antibody to NGF (PG110) in patients with osteoarthritis of the knee. The single-dose study will assess the pain score of subjects as part of the secondary assessments (34) .
It is exciting that, depending on the outcome of a number of safety and efficacy studies, we might look forward to the possible emergence of a novel mechanistic approach and therapeutic modality with several antibody-based therapeutics targeting the NGF system over the next few years. In the future, these approaches may be followed by antibodies (35) and or small molecules that bind to the TrkA complex.
Targeting ion channels
Sodium channels. The pain-killing effects of extracts derived from the coca leaf have been recognized for millennia, and it has been known for decades that drugs refined from the active ingredient cocaine and developed as alternatives, such as procaine, lidocaine, and bupivacaine, can provide powerful analgesia and be used as local anesthetics (36) . It is now known that these compounds act by blocking voltage-gated sodium channels, and the high efficacy is consistent with the critical role of these channels in the generation and propagation of action potentials (37) . However, sodium channels subserve this critical role in all excitable cells, including cardiac cells, and local anesthetics are nonselective in their actions. Thus, the use of systemic analgesics of this class is limited, and the developmental focus has been to maximize their therapeutic potential with topical approaches. The development of patch technologies has expanded the utility of local anesthetics, and they are used successfully in some neuropathic pain conditions such as postherpetic neuralgia (38, 39) and the control of postoperative pain (40), although not in HIV-associated pain (41) .
Anticonvulsants such as lamotrigine, phenytoin, and carbamazepine, acting in the central nervous system, have been used in the treatment of chronic pain for a number of years (42) . It is known that they all bind to sodium channels preferentially in conditions of high neuronal excitability (43) . There has been considerable interest and investment in recent years in approaches based on the selective targeting of specific sodium channel subtypes (44) . Some nine different subtypes have been identified (Na v 1.1-1.9), differentiated on the basis of their α-subunits (45) . A number of these channels have been shown to be present in human nociceptors, primarily Na v 1.7, -1.8, and 1.9, and their expression is precisely regulated (46) . The attention has thus far been on the search for subtype-specific sodium channel blockers of Na v 1.8 and Na v 1.7. The rationale is supported by an impressive and growing body of human genetic data, such as the linkage of Nav1.7 mutations to extreme positive and negative pain phenotypes (47, 48) , and extensive mouse knockout data that have emerged in recent years (49) . However, this effort has yet to result in any compound emerging from human clinical trials. It has been suggested that one reason for the lack of progress has been that the discovery strategies have included primary screens that tend to select compounds that bind at, or very close to, the pore-forming regions of the channel complex (50) . This region is highly conserved between subtypes and constitutes the site at which local anesthetics bind (51) . Emerging data from studies on the actions of a range of peptide toxins provide some encouragement that targeting non-pore regions may be possible, but it seems that it may be some time before a safe and truly selective subtype-specific sodium channel ligand emerges onto the market.
Calcium channels. Calcium channels are key to neuronal function, particularly in regulating neurotransmitter release from nerve terminals, including those that transmit pain at the level of the spinal cord. Ziconotide (52-54) is a synthetic peptide equivalent to the venom of the sea snail Conus magus. The compound, termed a conopeptide, blocks N-type voltage-gated calcium channels and is likely effective as an analgesic through an action that prevents transmission across the first synapse in the pain pathway. Consistent with the mechanism of action, the compound is effective in patients with intractable pain when delivered either alone or in combination with other analgesics and in whom intrathecal therapy is acceptable (52, 55, 56) . Maximal therapeutic benefit requires careful titration in order to minimize the range of CNS side effects associated with its use. These include dizziness, confusion, ataxia, memory deficits, and hallucinations (56) . The compound must be administered using specified infusion protocols and patients kept under close supervision (55) . Leconotide is an alternative conopeptide, and animal data have been described suggesting that it can be delivered systemically with fewer CNS side effects than ziconotide (57) . Given the wide distribution and central role of voltage-gated calcium channels in neurotransmission, approaches based on channel blockade will likely continue to face significant challenges in terms of therapeutic index, but where this can be managed, they may provide an important option for the treatment of severe intractable pain.
Ziconotide blocks calcium entry through the channel by binding to a specific region of the pore-forming α-subunit (58). Pregabalin and its predecessor gabapentin, which are effective in the treatment of neuropathic pain (8), interact with voltage-gated calcium channels in a different way than ziconotide (Figure 2) . These compounds bind to the calcium channel accessory subunit α 2 δ (59), and it has been shown that binding to this subunit is a requirement for the analgesic efficacy of pregabalin (60) . However, a greater understanding of the role of the subunit in neuronal function, its involvement in pain pathophysiology, and how the binding of pregabalin to this protein delivers efficacy in neuropathic pain conditions may lead to novel ways to modulate this mechanism and to new therapeutic approaches.
It has been shown that α 2 δ protein increases in both dorsal horn and dorsal root ganglia following peripheral nerve injury in animal models of neuropathic pain (61) , suggesting that peripheral nerve injury may increase the number of calcium channels in the sensory presynaptic terminal. Indeed, evidence has been presented that the α 2 δ protein may be involved in the trafficking of calcium channel complexes into the membrane (62, 63) and that pregabalin or gabapentin may act by blocking this increase (64) . This raises the interesting possibility that future therapeutic approaches based on targeting the mechanisms regulating trafficking of ion channels could be developed.
More recently it has been suggested that increased synaptogenesis occurring in the spinal cord following peripheral nerve injury may involve the binding of thrombospondin to α 2 δ-1 and that gabapentin and pregabalin (65) may reduce central hypersensitivity by blocking this interaction. However, it is not clear whether active synaptogenesis or increased synaptic turnover is occurring in pain pathways in patients with stable neuropathic pain at presentation, and in whom pregabalin is therapeutically effective. Further work is therefore necessary to fully explore the significance of the thrombospondin pathway in driving pain conditions and its potential as a novel therapeutic approach for chronic pain. A recent study involving biochemical and immunocytochemical approaches suggests that the α 2 δ subunit may be anchored on the outside of the plasma membrane (66) . This provides both a challenge and an opportunity to further explore the potential interactions of the α 2 δ subunit with the pore-forming complex of calcium channels and the consequences of pregabalin binding and may lead to the design of improved pain therapeutics acting through this mechanism.
GABA. It has been suggested that central sensitization may, at least in part, be the result of an effective decrease in central inhibitory mechanisms. GABA receptors are key ligand-gated chloride channels present on both pre- and postsynaptic neurons and important in the regulation of pain transmission. Benzodiazepines are GABA receptor agonists that are used as part of the treatment of, for example, chronic low back pain, but usefulness as an analgesic is limited by unwanted CNS side effects (67) . However, the potential for GABA-A-mediated analgesia is indicated by the efficacy of spinally administered benzodiazepines (68) . Studies using a series of knockout mice suggest that selective activation of a subset of GABA receptors may deliver analgesia with a reduced CNS adverse effect liability (69) . Subtype-selective agonists have been advanced into development for treatment of anxiety but none have yet emerged as potential analgesics (70) .
Transient receptor potential channels. There has been significant scientific interest and industry investment in recent years to understand the function of the broad family of nonspecific cation TRPV channels in transduction and transmission mechanisms. The first to be described was TRPV1, and the belief that it acts as an integrator of a variety of sensitization processes in the periphery has driven significant focus in attempts to identify molecules that inactivate the channel. It is now some years since the emergence of capsazepine (71) as the first TRPV1 antagonist, but despite significant investment, there are no definitive clinical studies demonstrating the effectiveness and safety of compounds that block or inactivate this channel (72) . It is clear that one major stumbling block has been the effects of TRPV1 blockers on core body temperature. Thus, in one study, the Amgen compound AMG 517 administered following third molar extraction resulted in significant hyperthermia, with maximal body temperature exceeding 40°C (73, 74) .
Much remains to be understood about the role of the channel in this physiological phenomenon, but preclinical data suggest that therapeutic strategies based on exclusion of compounds from the CNS may not be sufficient, since some of the actions on thermoregulation reside in the periphery, and it is likely that some of the analgesic effects may be mediated by actions at spinal nociceptive synapses (75, 76) . The identification of compounds that pharmacologically distinguish between the analgesic and hyperthermic effects of TRPV1 antagonism will be required to explore fully the therapeutic potential of this channel for the treatment of pain. Indeed, TRPV1 antagonists (e.g., AMG8562) have recently been identified that are reported to have no effect on body temperature (77) .
An alternative approach to exploit the mechanism and avoid side effects associated with systemic exposure has been to develop topical preparations (78) (79) (80) . In order to avoid the acute irritation, capsaicin (8%) is administered following application of topical lidocaine and is reported to be well tolerated following repeated administration (81) . It is interesting to note that the mechanism of action may involve both the desensitization of the peripheral nociceptor endings and a decrease in epidermal fiber density (78) .
Other TRP channels, especially the non-desensitizing TRPV3, have received interest for their therapeutic potential (82) , and Glenmark's TRPV3 agonist GRC 15300 is the first molecule to enter clinical trials (83) .
Earlier preclinical interest in TRPA1 was driven by studies in mutant mice suggesting a role for the channel in mechanotransduction (84) and potentially noxious cold or cold allodynia (85, 86) , and it seems that some of these actions may be mediated via central mechanisms. It has been suggested that this channel may be a key mediator in specific inflammatory pathways such as those involving phospholipase C (87) . More recently, a rare human gain-of-function mutation has been identified that results in an increase in channel function at normal membrane potential and is associated with an episodic pain syndrome characterized by exaggerated hypersensitivity (88) .
Mechanisms based on activated microglia
In recent years, there has been much interest in the potential role of non-neuronal cells in the pathophysiology of chronic pain. These include microglia, astrocytes, and oligodendrocytes, and considerable efforts have been made to understand the molecular basis of their interaction with neuronal pain processing, especially at the level of the spinal cord. A number of excellent reviews of the experimental evidence gathered from animal models of chronic pain, especially those involving nerve damage, have been published (89, 90) .
The thesis recognizes that the pathophysiology of neuropathic pain includes not only increased and chronic neurotransmitter activation of the neuronal pain pathway, but also activation of glial cells, altering their status in such a way that leads to the release of chemokines, cytokines, protease enzymes, and trophic factors, which in turn alter the excitability of the neuronal elements in the pathway (89) . Intriguingly, evidence has been published indicating that opiates may also activate these non-neuronal elements and that this may reduce their therapeutic benefit via mediation of tolerance and respiratory depression (90) .
It has been suggested that one of the consequences of glial activation is the downregulation of the K + Cl -transporter KCC2 mediated by the release of BDNF, which results in the erosion of the chloride gradient across membranes of postsynaptic cells (91, 92) . Thus, inhibitory mechanisms that rely on the opening of chloride channels would be reversed or more likely reduced by glial activation (93) . If this phenomenon occurs in patients, it would provide a rationale for a therapeutic approach based on restoration of KCC2 function, a fascinating if challenging endeavor (94) .
Despite considerable research into the role of activated glia in the development of hypersensitive states in animal models, there remains little known of the temporal, anatomical, cytological, and pathophysiological role of these phenomena and their relation to the development and progression of pain symptoms in patients. Some insight may be gained by the application of imaging techniques such as the use of PET ligands at the peripheral benzodiazepine receptor to studies of the temporal pattern of "activation" in patients, but the true therapeutic opportunities offered by this phenomenon can only be realized by well-designed clinical trials coupled to validated biomarkers in patients. Two such examples of pioneering studies in this area involve the compounds ibudilast (95) and propentofylline (96) . Propentofylline attenuates pain behaviors in rodent models of neuropathic pain (97, 98) and has been shown to modulate inhibitory tone following spinal injury (99) by reducing glial activation via alterations in glutamate promoter activation (96) .
Ibudilast reduces the release of proinflammatory factors such as cytokines from activated microglia in culture (100) and reduces pain responses in experimental animals (101) . Both ibudilast and propentofylline have been entered into clinical trials to evaluate their therapeutic potential (102, 103) . However, to date, no positive data have emerged from these studies.
p38 MAP kinase is thought to be a key mediator of glial activation (see ref. 89 ). In neuropathic conditions, fractalkine, released from neurons, activates the receptor CX3CR1 on microglia, and this results in phosphorylation of p38 and microglial activation. At the time of writing, participants are being recruited for a phase II study to evaluate a p38 inhibitor in patients experiencing neuropathic pain following nerve trauma (104) . The study is scheduled to be completed in December 2010.
Cannabinoids
Cannabis has long been thought to bring benefit to patients experiencing chronic pain, but a recent review of randomized controlled trials concluded that the evidence indicated that the efficacy and tolerability of cannabinoids remained questionable and that they should be used as adjunctive agents where appropriate (105) .
Sativex is a cannabinoid approved in Canada as an adjunctive analgesic treatment in patients with opiate-resistant cancer pain and for the relief of neuropathic pain in multiple sclerosis and is reported to provide statistically significant pain relief and improved sleep when given in addition to existing medication to patients with neuropathic pain (106, 107) or rheumatoid arthritis (108) . Its use in pain management has been reviewed recently (109) .
The objective in maximizing the medicinal value of cannabinoids for pain has been to optimize the analgesic benefits while minimizing the unwanted central side effects. Two cannabinoid receptors have been cloned (CB1 and CB2) and a number of proposed endocannabinoid ligands identified. These include anandamide (AEA) (110) and 2-arachidonylglycerol (2-AG) (111) . The enzymes fatty acid amide hydrolase (FAAH) (112) and monoacylglycerol lipase (MAGL) (113) are the primary catabolic enzymes of AEA and 2-AG, respectively, and are key in the regulation of the functional availability of these endogenous ligands. One therapeutic rationale is based on the possibility that endocannabinoids may provide an important component of the endogenous control of pain transmission and eventually perception, and that increasing their availability by specifically blocking the catabolizing enzymes may result in analgesia with minimal CNS side effects. Indeed, it has been shown in experimental animals that blockade of FAAH reduces pain responses without substantially affecting motility or cognition (114) . Recently, an FAAH inhibitor with high selectivity that covalently inactivates the enzyme by carbamylation of the serine nucleophile has been identified (115) . The compound completely inhibits FAAH activity and results in significantly elevated brain AEA levels. An FAAH inhibitor is currently in phase II development for osteoarthritis (116) and will also be evaluated in other conditions where cannabinoids have been shown to bring some pain relief. We must await the outcome of these trials to fully appreciate the analgesic efficacy available from maximizing the endogenous pain control delivered by this mechanism.
Conclusion
Despite significant investment in pain research, the challenges facing the development of novel therapeutics remain significant. The needs of patients for more effective pain relief are unlikely to be met unless new mechanisms are added to the analgesic armamentarium. Exciting new approaches are emerging, and the increasing application of genetic approaches and increased investment in pain research have helped identify what we hope will be high-confidence pain targets based on a sound understanding of mechanisms. However, drug discovery remains a very high-risk endeavor, and the time and costs of discovering and developing the compounds, as well as the methodologies to translate the research effort into medicines that better meet the needs of people in pain, remain a significant challenge.
